INTRODUCTION: Gradient structures ubiquitously exist in natural materials such as bone, shells, and trees. Microstructural gradients are increasingly being introduced into a wide range of engineering materials, providing them with enhanced strength, hardness, work hardening, ductility, and fatigue resistance through deformation mechanisms that are distinct from those operating in gradient-free counterparts. However, understanding structural gradient-related mechanical behaviors in all gradient structures, including those in engineering materials, has been challenging.
Although control of the structural gradient is essential to achieving optimized mechanical behaviors, existing manufacturing approaches are limiting for bulk gradient materials. For instance, surface tooling and mechanical treatments generate either limited volume fractions of gradient layers localized only near the surface or a negligible degree of structural gradient along the gradient direction. All of these limit our ability to tailor the mechanical properties and understand the deformation mechanisms of gradient-structured metals.
RATIONALE:
We used a direct-current electrodeposition method to synthesize bulk gradient nanotwinned pure Cu samples with controllable patterning of homogeneous nanotwinned components. The individual components are composed of high-density, preferentially oriented nanometer-scale twin boundaries embedded within micrometer-scale columnar-shaped grains. We observed gradient-induced enhancements in both tensile strength and work-hardening rate through a wide range of structural gradients (in both twin boundary spacing and grain size) that span across the entire thickness of the sample. We combined scanning electron microscopy, a two-beam diffraction technique in transmission electron microscopy, and massively parallel atomistic simulations to identify the underlying strengthening mechanism in gradient nanotwinned Cu. We also prepared homogeneous nanotwinned samples as controls to demonstrate the importance of the structural gradient.
RESULTS: Our findings indicate that simultaneous enhancement in strength and work hardening can be achieved by solely increasing the structural gradient in pure Cu. The maximum structural gradient led to an improved work-hardening rate and tensile strength that can exceed even the strongest component of the gradient microstructure-an unusual phenomenon that appears to be absent from the existing literature on metals and alloys with gradient nanograined or any other heterogeneous microstructures. We attribute the extra strengthening and work hardening of gradient nanotwinned structures to the unique patterning of geometrically necessary dislocations in the form of bundles of concentrated dislocations uniformly distributed in grain interiors. Such dislocation patterns in grain interiors are fundamentally different from randomly distributed, statistically stored dislocations in homogeneous structures. The bundles of concentrated dislocations with ultrahigh density of dislocations act as strong obstacles to slip, help to delocalize plastic deformation inside the grains, and accelerate the work-hardening process.
CONCLUSION: In our simple bottom-up approach to create gradient nanotwinned structure in pure Cu, a large structural gradient allows for an exceptional combination of high strength and work hardening that can exceed even the strongest component of the gradient structure. Both experimental and computational evidence suggest the importance of covering the whole structure with tunable structural gradients for the development of high densities of dislocations in grain interiors. The gradient nanotwinned strengthening concept proposed in this work provides insights into combining structural gradients at different length scales in order to push forward the strength limit of materials and may be essential to creating the next generation of metals with both high strength and high ductility.
M
aking metals stronger and tougher by tailoring their microstructures has been an enduring pursuit in materials science and engineering (1) (2) (3) . Gradient metals have emerged as a class of hierarchical materials with tunable distribution of microstructures (4) (5) (6) (7) (8) . As a result of the substantial strain gradients (9-13) intrinsic to these materials, gradient metals could be designed to exhibit an unusual combination of high strength and hardness, considerable ductility, and enhanced strain hardening and fatigue resistance (4) (5) (6) 14) . However, it remains a challenge to understand the underlying mechanisms that control the strengthening of gradient materials because of the often complex dislocation structures in plastic deformation (6, 15, 16) .
Meanwhile, the design of nanotwinned structures has been recognized as a universal strategy in the pursuit of superior mechanical and physical properties (1, 5, (17) (18) (19) (20) . Various processing techniques have been adopted to synthesize highly oriented nanotwinned structures (20) in a range of pure metals and alloys (21) . Such materials usually exhibit plastic anisotropy, as their deformation mechanisms are strongly dependent on the orientation of loading axis with respect to the twin boundaries (TBs) (18, 22, 23) . When the loading direction is oriented in parallel to the twin planes, single slip by threading dislocations (18) is activated-a mechanism similar to one previously observed in thin films and nanolaminated metallic composites (24, 25) . Most recently, a history-independent and stable cyclic response in highly oriented nanotwinned copper was reported (19) . Such unique cyclic behavior is governed by a type of correlated "necklace" dislocations formed by the linking of threading dislocations in adjacent twins, leading to a superstable twin structure and negligible cyclic damage, which is fundamentally distinct from the inevitably irreversible damage accumulation in singlecrystal, coarse-grained, ultrafine-grained, and nanograined metals (19) .
We performed experiments and atomistic simulations on bulk copper samples with a controllable spatial gradient in the highly oriented nanotwinned structure. We found an interesting strengthening effect and obtained simultaneous enhancement in strength and work hardening by increasing the structure gradient. By taking advantage of the simple deformation patterns of highly oriented nanotwins (18, 26) , we show that this unusual strengthening behavior is governed by bundles of concentrated dislocations in the grain interiors that help to accommodate large strain gradients and suppress strain localization. The gradient nanotwinned (GNT) structures provide a promising route to the design of new generations of high-performance metals.
Gradient nanotwinned structures
We used direct-current electrodeposition to prepare GNT Cu samples with a controllable patterning of homogeneous nanotwinned components. A typical GNT sample (GNT-1, Fig. 1A ) has a patterning of homogeneous nanotwinned components we labeled ⒶⒷⒸⒹ, from bottom to top. We found no sharp interfaces between the homogeneous components from cross-sectional scanning electron microscopy (SEM) observations (Fig. 1B) . Magnified SEM (Fig. 1, C and E) and transmission electron microscopy (TEM) (Fig. 1, D and F ) observations of components Ⓐ and Ⓓ reveal that the individual components are composed of preferentially oriented nanometerscale TBs embedded within the micrometer-scale columnar-shaped grains, with a mean aspect ratio of~3. The selected-area electron diffraction (SAED) pattern and high-resolution TEM image (Fig. 1D, insets) show that the twin planes are coherent S3 boundaries. From component Ⓐ to component Ⓓ, the average twin thickness increases from 29 nm to 72 nm and the average grain size (defined as the size measured along the short axis) increases from 2.5 mm to 15.8 mm (Fig. 1G and fig. S1 ). To quantify the structural gradient of the GNT microstructure, we define a parameter, s, as the increment in hardness per unit thickness along the gradient direction. The cross-sectional hardness decreases gradually from 1.5 GPa in component Ⓐ to 0.8 GPa in component Ⓓ, resulting in a structural gradient of s = 1.75 GPa/mm in sample GNT-1 (Fig. 1H) . By changing the stacking sequence of the homogeneous nanotwinned components while keeping the total sample thickness fixed at 400 mm, we designed three other GNT structures (GNT-2, GNT-3, and GNT-4) that possess various spatial distributions of the homogeneous components: ⒶⒷⒸⒹⒹ-ⒸⒷⒶ, 2×ⒶⒷⒸⒹⒹⒸⒷⒶ, and 4×ⒶⒷⒸⒹ-ⒹⒸⒷⒶ, respectively ( fig. S2 ). Each homogeneous nanotwinned component has the same volume fraction of 25% and thickness of 100 mm in these GNT samples. The structural gradients of the GNT samples range from 1.75 to 11.6 GPa/mm, occupying the entire thickness of the sample ( fig. S2D and tables S1 and S2) (4-6, 27).
Strengthening and work-hardening ability
We compared engineering tensile stress-strain curves of the GNT samples to the tensile behaviors of the homogeneous nanotwinned components in free-standing conditions ( Fig. 2A) . The yield strength (s y ), stress at 1% strain (s 1% ), and ultimate tensile strength (s uts ) of GNT-1, with the smallest s = 1.75 GPa/mm, are close to the average of the corresponding values of the four individual components indicated by the open symbols in Fig. 2B . As the structural gradient increases, both s y and s uts of the GNT structure gradually increase at the expense of a slight decrease in the uniform elongation (Table 1 ). In particular, GNT-4 exhibits a s y value of 481 ± 15 MPa that even exceeds the corresponding value of the strongest component Ⓐ, while its uniform elongation is 7%, larger than the corresponding values of components Ⓐ and Ⓑ. Meanwhile, the work-hardening rates, Q, of the GNT samples are much higher than the average of the four homogeneous components, especially at strains less than 2% (Fig. 2C) . We observed an increase with structural gradient for the work-hardening rate at e = 1% (Fig. 2C,  inset, and fig. S3 ). Surface morphologies indicate no surface cracking in GNT-4 before fracture failure, which further confirms that component Ⓐ sustains a large uniform elongation under a stress level much higher than its tensile strength measured in free-standing conditions. The above observations strongly suggest that a substantial strengthening effect can be achieved solely by increasing the structural gradient.
Post-mortem microstructures of GNT samples
Taking GNT-4 as an example, we characterized the post-mortem microstructures with SEM and TEM observations. Our observations (Fig. 3 , A and E) show a class of unexpected parallel aligned dislocation bundles in the interior of the columnar grains at e = 1% in both components Ⓐ and Ⓓ. Each dislocation bundle spans across multiple nanotwins and extends through almost the entire length of the grain perpendicular to TBs, marked by red arrows (Fig. 3 , A and E), which coincides with the direction of the structural gradient in the GNT structure. Such dislocation patterns were observed in all nanotwinned components and have an average width that varies from 0.5 to 1.5 mm, as shown in the cross-sectional SEM images obtained by backscattered electrons ( fig. S4 ).
We then adopted a two-beam diffraction technique (26) in TEM to determine the detailed configurations of the bundles of concentrated dislocations (BCDs), including the type, density, spatial arrangement, and Burgers vector of dislocations therein. We examined a typical BCD in component Ⓓ (Fig. 3A , white square) in TEM images (Fig. 3 , B and C). We observed dislocation segments (identified by green arrows in Fig. 3B ) with Burgers vectors of b I = DA, DB, and DC (see the inset Thompson tetrahedron of Fig. 3A ) inclined to the TBs by using a diffraction vector of g M = g T = 111. We refer to these as mode I dislocations, following the definition in (26) . Mode I dislocations are known to control the plastic deformation in highly oriented nanotwins when the loading direction is perpendicular to the TBs, leading to the classical Hall-Petch strengthening with reduced twin thickness (18) . TEM observations confirmed that mode I dislocations are rarely observed in free-standing, homogeneous, highly oriented nanotwins when the loading direction is parallel to TBs ( fig. S5 ).
Meanwhile, we observed a large amount of short dislocation segments (indicated by orange arrows in Fig. 3 , C and D) located in the moiré fringes of the TBs with Burgers vectors of b II =AB, BC, CA (Fig. 3A , inset) that are parallel to the twin planes by using a diffraction vector of g M = 200. We call these mode II dislocations (26) , which are often found to be prevalent in thin films (24) , multilayered composites (25) , and highly oriented nanotwinned structures (18, 26) .
In both components Ⓐ and Ⓓ, our observations show similar dislocation structures consisting of a majority of mode II dislocations (Fig. 3 , C, D, G, and H) measured in and out of the BCDs (marked by the white square in Fig. 3 , A and E), and much fewer mode I dislocations that span across multiple twin lamellae (Fig. 3, B an order of magnitude larger than that of mode I dislocations in the bundles ( Table 2 ). The observation of numerous BCDs containing both mode I and mode II dislocations in the grain interiors is distinct from the single activation of mode II dislocations that leads to strain localization near grain boundaries (GBs) in homogeneous nanotwinned samples at e = 1% ( fig. S5 ). In the latter case, only a negligible amount of mode I dislocations are detectable near the GBs, and mode II dislocations are randomly distributed in the columnar grains. Moreover, the average density of mode II dislocations in GNT-4 is measured to be about 1.7 × 10 14 to 2.8 × 10 14 m -2 , which is 4 to 8 times the densities observed in homogeneous nanotwinned samples (Table 2) .
Atomistic simulations of extra strengthening in GNT Cu
To understand the underlying deformation mechanisms of the extra strengthening in GNT Cu, we performed large-scale fully three-dimensional atomistic simulations on samples that mimic the experimental setup. The largest simulation involves about 130 million atoms. A typical GNT simulation sample, GNT-ⒶⒷ, was created by combining two ½1 1 1-textured homogeneous nanotwinned components (NT-Ⓐ and NT-Ⓑ) (Fig. 4A) . We selected numbers of grains as n A = 9 and n B = 4 with average grain sizes of d A = 30 nm and d B = 50 nm, and twin thicknesses as l A = 0.83 nm and l B = 6.23 nm, respectively. By changing the thickness of the nongradient nanotwinned components, we tuned the structural gradient and created two different GNT samples with structural gradients of s = 6.2 MPa/nm (GNT-ⒶⒷ) and 12.4 MPa/nm (GNT-ⒶⒷⒶⒷ) ( fig. S6, A and B) . We measured the stress-strain curves of the GNT samples under uniaxial tensile loading along the x axis and compared them with the tensile responses of homogeneous samples NT-Ⓐ and NT-Ⓑ (Fig. 4B) . Both gradient samples exhibit enhanced yield strength (defined as the average flow stress in the strain range of 6 to 15%) relative to their homogeneous counterparts. The strength increases with increasing structural gradient. We also performed simulations on GNT samples with statistically equivalent microstructures and observed the same extra strengthening effect ( fig. S7 ). Thus, both our simulations and experiments demonstrate an unexpected ultrahigh strength in GNT Cu samples, which is higher than that of the strongest component of the structure.
Formation mechanism of dislocation bundles in GNT Cu
The schematics (Fig. 4 , C and D) illustrate typical deformation patterns of the GNT samples suggested by our experimental observations (Fig. 3) . During deformation, a dislocation bundle forms in the interior of a nanotwinned columnar grain (colored pink) in the GNT structure (Fig. 4C) . The bundle is composed of mode I dislocations intersecting with TBs and mode II dislocations gliding parallel to the TBs (Fig. 4D) . We can show that the interactions between mode I and mode II dislocations in the dislocation bundles also lead to the formation of stair-rod dislocations (22) .
We found from our simulations that upon yielding at~4% strain, mode I dislocations (black triangles in Fig. 4, E and F, and fig. S8A ) emit from the interface (28) toward nearby TBs. Meanwhile, mode II dislocations (black triangles in Fig. 4, G and H, and fig. S8A ) are nucleated from lateral GBs. The simultaneous activation of mode I and II dislocations agrees with our experimental observations (Fig. 3) . As the applied strain increased to 10%, a dislocation bundle was identified in the grain interior ( fig. S8 , B and C, and movie S1), where the dislocation density was measured as 2.2 × 10 17 m -2
, almost an order of magnitude larger than that outside the dislocation bundle ( fig. S8D ). We found from our detailed analysis of the dislocation structures (Fig. 4I ) that sessile stair-rod dislocations (in pink) account for about 15% of the total dislocation density. We attributed the formation of a typical stair-rod dislocation dg/BD to the interaction between gD and dB, which are Shockley partial dislocations dissociated from mode I and mode II dislocations, respectively ( Fig. 4J and fig. S8E ). The movement of Shockley partial dislocations in the bundle region was thus substantially suppressed, contributing to additional strength enhancement (movie S2). For comparison, we observed a single slip mechanism governed by mode II dislocations and no formation of BCDs in the grain interior in homogeneous nanotwinned samples ( fig. S9 and movie S3).
Discussion
The storage of dislocations causes work hardening in crystals (29) . For uniform plastic deformation, dislocations accumulate by trapping one another in a random way, giving rise to the storage of the so-called statistically stored dislocations (SSDs) (9) . We found that as a result of the plastic strain gradients, the GNT components are not equally deformed during uniaxial tension (30) . Component Ⓓ with lower yield strength plastically deforms before component Ⓒ. In a similar fashion, Ⓒ plastically deforms prior to Ⓑ. Component Ⓐ is the last to yield, leading to a gradient of plastic deformation in the GNT structure ( fig. S10 ). In such circumstances, geometrically necessary dislocations (GNDs) (9-13) develop to accommodate the deformation gradients and allow compatible deformation among different components. The concept of GNDs has been widely applied to explain size-dependent flow properties of crystals under nonuniform loading conditions including bending, torsion, indentation, and deformation at crack tips where stress and strain gradients are large (10, 11, 31, 32) . GNDs also explain the strengthening of polycrystalline metals (9), multilayer/multiphase metals (33) (34) (35) , and gradient metals (4-6) due to inhomogeneous microstructures. However, the complex multiple slip systems in conventional materials make it challenging to distinguish GNDs from SSDs (10, 11, 36, 37) .
We took advantage of the simple deformation patterns of highly oriented coherent twins and found that the structural gradient in the GNT samples leads to the formation of a unique pattern of GNDs in the grain interiors (Fig. 3) . These are in the form of BCDs composed of a majority of mobile mode II dislocations, which we never observed in free-standing nongradient nanotwinned components (fig. S5) .
The local dislocation density we measured in the dislocation bundles is nearly 30% larger than the average dislocation density of the grain (Table 2) , demonstrating the intense storage of GNDs in BCDs. We measured lattice rotation with a misorientation angle of~5.2°for BCDs in component Ⓓ of GNT-4 (Fig. 3A) using an electron procession diffraction technique (38) accelerate the rate of statistical storage of dislocations in the material via long-range back stress (35, 39, 40) , which increases substantially with structural gradient in the GNT samples ( fig. S11 ). The GNT structures thus work-harden much faster than the nongradient nanotwinned samples (Fig. 2C) . The average dislocation densities of GNT samples upon yielding are substantially elevated relative to those measured in the free-standing components (Table 2) . For instance, at a small strain of 1%, the average dislocation density measured in GNT-4 is about 1. two orders of magnitude higher than the density of GNDs (1.6 × 10 12 m -2
) estimated from the plastic strain gradient along the thickness of the GNT structure, following Ashby's original work (9) .
We can estimate the extra strengthening effect of the BCDs with Taylor's relation (10),
where M = 3.17 is the Taylor factor of parallel loading with respect to TBs (18) , m = 42 GPa is the shear modulus of pure Cu, b = 2.55 × 10 -10 m is the magnitude of the Burgers vector of dislocations, and a = 0.47 is the empirical constant for non-cell dislocations (42) . We measured the total density of dislocations in components Ⓐ and Ⓓ of GNT-4 at 1% strain to be r GNT = 31. , respectively ( Table 2) . We support these values with our measurement that the back stresses of the GNT samples increase rapidly at low strains ( fig. S11 ). The extra strength estimated from Eq. 1 is 146 MPa in component Ⓐ and 142 MPa in component Ⓓ. This agrees well with the extra yield strength of 134 MPa of GNT-4 (Fig. 2B) .
The formation of BCDs also helps to delocalize plastic deformation as they are uniformly distributed inside the grains, unlike the strain concentration at GBs in nongradient components ( fig.  S5 ). Most important, our atomistic simulations show that most of the dislocations in BCDs are mobile Shockley partial dislocations (Fig. 4I) , which are expected to accommodate large amounts of plastic deformation without a noticeable sacrifice in the ductility of the material (Fig. 2) .
We compared the remarkable strength-ductility synergy of the GNT samples with various strengthening strategies reported in the literature (6, 43-46) (Fig. 2D) . We have normalized the strength by the Young's modulus of the materials. The gradient nanotwinned structure brings out an extra strengthening effect relative to homogeneous highly oriented nanotwins or multilayered materials strengthened by threading dislocations (20) . In gradient nanograined structures, the density of GNDs is thought to be related to the plastic strain gradient (30) . GNDs prefer to accumulate in the vicinity of GBs (9, 30) , inducing GB migration and grain coarsening or softening during plastic deformation (4). In contrast, by introducing a structural gradient in GNT structures, we obtained a high GND density in grain interiors (Table 2 ) and an exceptionally high strength exceeding that of the strongest component. When the structural gradient is sufficiently large, the strengthening effect of gradient nanotwins is superior to most existing gradient metals and alloys (4, 6, 20, 46) . The classical theory of strain gradient plasticity (9, 11) only considers the plastic strain gradient due to incompatible plastic deformation in constituent components and may substantially underestimate the density of GNDs and the structural gradient strengthening in GNT structures.
Our observations point out the importance of designing gradient microstructures at multiple length scales in pursuit of high structural gradients for enhanced mechanical performance. The GNT strengthening strategy proposed in this work not only should help to advance the fundamental understanding of the processingstructure-property relationships of existing gradientstructured metals, but also suggests new challenges and opportunities for experimental, computational, and theoretical studies of next-generation metals and alloys.
Materials and methods Materials
By means of direct-current electrodeposition technique, GNT Cu samples were fabricated by adjusting the electrolyte temperature in the range of 20°to 35°C. The current density was 30 mA/cm 2 .
The electrolyte was made with a CuSO 4 concentration of 90 g/liter. The pH value was~1. The stirring speed was 1500 rpm and the additive concentration was 2 mg/liter. A commercial-purity Ti sheet was used as the cathode and a highly purified (99.995 wt %) Cu sheet was used as the anode. In the setup, the distance between the electrodes was kept as~10 cm.
Various profiles of electrolyte temperature were used to synthesize GNT Cu samples ( fig. S2B ). The temperature was elevated stepwise (20°, 25°, 30°, 35°C) and preserved for 4 hours at each temperature to create GNT-1 with a spatial distribution of ⒶⒷⒸⒹ. The temperature rate, defined as temperature variation per hour, was 0.94°C/ hour for GNT-1. Higher temperature rates of 1.88°C/hour, 3.75°C/hour, and 7.5°C/hour were used to fabricate GNT-2 (ⒶⒷⒸⒹⒹⒸⒷⒶ), GNT-3 (2×ⒶⒷⒸⒹⒹⒸⒷⒶ), and GNT-4 (4× ⒶⒷⒸⒹⒹⒸⒷⒶ), respectively ( fig. S2 , A and C). During the fabrication of the GNT samples, the total electrodeposition time was controlled to be 16 hours (i.e., 4 hours for each temperature) to ensure a sample thickness of about 400 mm and a volume fraction of 25% for each component.
For comparison, free-standing homogeneous nanotwinned Cu samples Ⓐ, Ⓑ, Ⓒ, and Ⓓ were constructed by electrodeposition at 20°, 25°, 30°, and 35°C, respectively. A total deposition time of 16 hours resulted in a sample thickness of about 400 mm.
Uniaxial tensile tests
For tensile tests, dog bone-shaped flat specimens with a gauge length of 5 mm and width of 2 mm were cut from the as-deposited GNT and nanotwinned Cu sheets using an electric spark machine. Before tensile tests, all tensile specimens were mechanically and electrochemically polished to minimize surface roughness. Uniaxial quasi-static tensile tests were carried out in an Instron 5848 micro tester with a 2-kN load cell at a strain rate of 5 × 10 -3 s -1 at ambient temperature. During tensile tests, a contactless MTS LX300 laser extensometer was used to calibrate and measure the strain in the gauge. To confirm reproducibility, we repeated tensile tests 6 to 12 times for each structure, from which average values and standard errors were calculated for yield strength (at 0.2% offset strain), stress at 1% strain, ultimate tensile strength, and uniform elongation.
Micro-hardness measurements
Cross-sectional micro-hardness measurements were performed along the thickness of the GNT samples on a Qness Q10A+ micro-hardness tester with a load of 50 g and a loading time of 10 s. For each depth, 5 to 10 independent measurements were conducted.
Microstructure observations
Cross-sectional microstructures of GNT samples were characterized in a FEI NovaSEM 430 field emission gun SEM using backscattering electron imaging with a high-contrast (vCD) detector. The average grain size obtained from the SEM images was measured over 500 grains for each depth of the GNT samples. Samples were mechanically polished and electrochemically polished in a solution of phosphoric acid (25%), alcohol (25%), and deionized water (50%) at ambient temperature before SEM observations.
Cross-sectional microstructures of as-deposited and deformed GNT samples were also examined using a FEI Tecnai G2 F20 TEM operated at 200 kV. The average twin thickness was obtained from TEM images with edge-on TBs and was measured over 1000 twin lamellae for each depth of the GNT samples. A two-beam diffraction technique (26) was used to identify the type of dislocations (18, 26) in the deformed GNT and free-standing nanotwinned samples. The TEM foils of the deformed samples were sliced from the gauge section along the direction parallel to the tensile axis. Each TEM foil was attached to a Cu ring 3 mm in diameter and thinned by twin-jet electrochemical polishing in a solution of phosphoric acid (25%), alcohol (25%), and deionized water (50%) at about -10°C.
Computational GNT Cu samples
Three GNT Cu samples were constructed for atomistic simulations ( fig. S6) . We started by building two homogeneous columnar-grained nanotwinned components (Fig. 4A) , NT-Ⓐ and NT-Ⓑ, each having a [1 1 1] our-of-plane texture and zero structural gradient (i.e., s = 0). By varying the thickness of the individual components and combining them in different stacking sequences (e.g., ⒶⒷ or ⒶⒷⒶⒷ), GNT samples with various structural gradients can be generated.
The homogeneous components NT-Ⓐ and NT-Ⓑ used to generate GNT-ⒶⒷ ( fig. S6A) The homogeneous components NT-Ⓐ and NT-Ⓑ used to generate GNT-ⒶⒷ-2 ( fig. S6C) have thicknesses of h A = 6.3 nm and h B = 33.2 nm, grain numbers of n A = 400 and n B = 4, average grain sizes of d A = 10 nm and d B = 100 nm, and twin thicknesses of l A = 0.63 nm and l B = 8.3 nm, respectively. The entire sample contains 130,000,000 atoms and has dimensions of~200 × 200 × 40 nm 3 . The much larger "in-plane" size of GNT-ⒶⒷ-2 allows us to capture the formation process of a BCD in the interior of the nanotwinned grains. The large number of triple junctions at the interface between components NT-Ⓐ and NT-Ⓑ are potential dislocation sources during deformation (28) .
The same relaxation, tension, and visualization methods were adopted for the simulated samples. Specifically, the system was initially equilibrated for 500 ps at 300 K, followed by uniaxial tensile loading along the x axis to a total strain of 15% at a constant strain rate of 2 × 10 8 s -1
. Throughout the simulation, periodic boundary conditions were applied in all three directions. Constant temperature and zero pressure in the nonstretching directions (i.e., y and z axes) were controlled by Nose-Hoover thermostatting and barostatting (47, 48) . The embedded atom method potential was used to compute the interatomic forces (49) , and the integration time step was fixed at 1 fs. The common neighbor analysis (CNA) method (50) was used to identify defects that emerge during plastic deformation. A position-based coloring scheme (19) was used to visualize defects in which colors are assigned according to the spatial coordinates of atoms.
Calculation of dislocation density of GNDs from plastic strain gradient Following Ashby's original work (9) , the density of GNDs, r , originating from the different yield strengths of components Ⓐ and Ⓓ, reaches a maximum value of~0.2% and remains constant after component Ⓐ yields. The density of GNDs was calculated to be 1.6 × 10 12 m -2 in GNT-4, assuming that it is proportional to the plastic strain gradient.
Back stress measurement
A gauging system including a Navitar Zoom 6000 optic lens with a magnification of 2 and a high-resolution charge-coupled device (CCD) camera (2088 × 1024 pixels) (51) was applied to measure the strain during loading-unloading tensile tests. The back stress was obtained from unloading curves with an offset plastic strain of 0.01% and a slope equal to the Young's modulus E according to the Dickson method (38, 51, 52).
Misorientation mapping of BCDs
Misorientation of BCDs in GNT samples was measured by means of an electron procession diffraction technique in TEM using NanoMEGAS (Brussels, Belgium) hardware and ASTAR system. The BCD region was scanned by a nanoscale beam with a step of 3.6 nm, and the electron diffraction pattern at each scanned point was collected using a fast CCD camera, providing the misorientation mapping of BCDs. Details about the electron procession diffraction technique can be found in (38, 53) .
